Summary Chara altaica A. Braun (Charales, Charophyceae), a monoecious species of the section Desvauxia, was newly found in Japan and studied by light and scanning electron microscopy (SEM) as well as gene sequence analysis of the large subunit of Rubisco (rbcL). Our first SEM observations of C. altaica oospores revealed that small papillae were scattered on the fossa wall, an SEM oospore wall ornamentation that is essentially different from that of the monoecious species C. (sect. Desvauxia) evoluta T. F. Allen. Phylogenetic analysis demonstrated that C. altaica and 10 European samples of the dioecious species C. (sect. Desvauxia) canescens Desvaux & LoiseleurDeslongchamps formed a robust monophyletic group, in which the rbcL gene sequence from C. altaica is identical to those from 4 parthenogenetic samples, but different from 6 other bisexual and parthenogenetic samples of C. canescens.
Chara altaica A. Braun (1882) is distributed in Russia and China (Braun and Nordstedt 1882 , Hollerbach and Krassavina 1983 , Han et al. 1994 ), but has not previously been recorded in Japan (Wood 1965, Imahori and Kasaki 1977) . This species belongs to the section Desvauxia (Wood 1965) and is characterized by its axial cortex, which consists of rows of cortical cells as numerous as in the branchlets (haplostichous cortex) (Wood 1965) . Five monoecious [C. altaica, C. evoluta T. F. Allen (1882) , C. hirsuta T. F. Allen (1900) , C. longiarticulata Han (1964) , and C. piniformis Han et W. Q. Chen (1990) ] and three dioecious species [C. canescens Desvaux & LoiseleurDeslongchamps in Loiseleur-Deslongchamps (1810), C. pseudocanescens Ling, Xie et Qiu (1910) , and C. shanxiensis Ling (1985) ] have been described in the section Desvauxia.
Because Wood (1965) considered that the monoecious/dioecious conditions of plants are not good indicators of species boundaries, he assigned all of the monoecious and dioecious taxa of the section Desvauxia to the single species C. canescens. Subsequently, Proctor (1980) demonstrated that morphologically similar monoecious and dioecious species pairs in charophytes are not conspecific and Wood's views on this matter are no longer tenable. Although recent molecular phylogenetic studies demonstrated phylogenetic relationships among the genera, species, and intraspecific populations within charalean algae (e.g., McCourt et al. 1999 , Meiers et al. 1999 , Sakayama et al. 2004a , b, 2009 , Kato et al. 2008 , no molecular phylogenetic analysis has examined the phylogenetic relationship between monoecious and dioecious taxa within the section Desvauxia. Recently, we collected C. altaica from Japan and, in this study, we observed the vegetative and oospore morphology of this specimen by light microscopy (LM) and scanning electron microscopy (SEM) and performed molecular phylogenetic analyses based on gene sequences of the large subunit of Rubisco (rbcL).
Materials and methods

Sample collection, culture, and morphological methods
A field survey of charalean species was carried out at 9 sites in the Lake Takahoko region, Aomori, Japan (40°56ЈN, 141°19ЈE), on 25 July 2008. The lake is directly connected to the Pacific Ocean and its salinity varies depending on the distance from the sea. Chara altaica was found at 3 of the 9 sites in a brackish water area (salinity 1.22-1.43‰). The samples were preserved as dried specimens or fixed with FAA (5% formalin, 5% acetic acid, in 60% ethanol). Culture strains were also established and deposited in the Microbial Culture Collection, National Institute for Environmental Studies, Tsukuba, Japan (NIES-2431). The methods for field collection and culture were essentially the same as those in previous studies (Sakayama et al. 2002 , 2004b , Kato et al. 2008 . LM observations of thalli and oospores were made using a VHX-100 microscope (Keyence, Tokyo, Japan) and a BX60 microscope equipped with Nomarski differential interference optics (Olympus, Tokyo, Japan), respectively. The methods for SEM were essentially the same as those of Sakayama et al. (2002 Sakayama et al. ( , 2004b , except for the use of an S-4800 scanning electron microscope (Hitachi, Tokyo, Japan). Voucher specimens of the field-collected plants were deposited in the herbarium of the National Science Museum, Japan (TNS-AL -171363 and -171364).
Molecular phylogenetic analysis
Preparation of total DNA, amplification of DNA by polymerase chain reaction (PCR), direct sequencing of the PCR products, and alignment of the rbcL gene sequences were essentially performed as described previously (Kato et al. 2008) . Samples representing identical sequences were treated as a single operational taxonomic unit (OTU). The aligned data set of the rbcL gene sequences [1073 bp, corresponding to the 152nd-1224th bp region of the rbcL gene of Chlamydomonas reinhardtii Dangeard (Accession No. J01399)] representing 46 OTUs from charalean algae, including C. altaica collected in this study and C. canescens (sequences from Schaible et al. 2009 ), was used for analyses (Table 1) .
Substitution models of each codon position of the rbcL genes for Bayesian inference (BI) were F81 (1st codon position), JC (2nd codon position), and GTRϩG (3rd codon position), estimated by hierarchical likelihood ratio tests (confidence levelϭ0.01) selected by MrModeltest 2.2 (Nylander 2004 ) using PAUP* 4.0b10 (Swofford 1998) . BI was performed using MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) as described previously (Nakada and Nozaki 2009) . The parameters of the substitution models for each codon position were unlinked. The Markov chain Monte Carlo iteration was stopped at 1,000,000 generations. The first 25% of generations were discarded as burn-in, and the remaining trees were used to calculate a 50% majority-rule tree and to determine the posterior probabilities of the individual branches. The average standard deviations of split frequencies were below 0.01, indicating convergence of the iterations. Based on the same alignment data as in the Bayesian analysis, a distance matrix was calculated using the appropriate substitution model (TrNϩIϩG) selected by Modeltest 3.7 (Posada and Crandall 1998) using PAUP* 4.0b10 (Swofford 1998 ). A phylogenetic tree was then constructed using the neighbor-joining method (NJ) algorithm (Saitou and Nei 1987) again using PAUP* 4.0b10 (Swofford 1998) ; the robustness of lineages was tested using bootstrap analysis with 1000 replications. Using the same alignment, bootstrap analysis of the maximum parsimony (MP) method was carried out based on 1000 replications of the simple heuristic search [full heuristic type with the tree bisection-reconnection (TBR) branch-swapping algorithm]. Using the same alignment data, bootstrap analysis (Felsenstein 1985) of the maximum likelihood (ML) method (with the TrNϩIϩG model selected by Modeltest 3.7) was carried out using PAUP* 4.0b10 (Swofford 1998 ) based on 100 replications of the simple heuristic search (full heuristic type with the TBR branch-swapping algorithm). Two charalean species [Lychnothamnus barbatus (Meyen) Leonhardi and Nitellopsis obtusa (Desvaux) in Loiseleur-Deslongchamps J. Groves] were designated as outgroups, since recent studies of the phylogenetic relationship within Charales demonstrated that these 2 genera form a basal clade within the Chareae (McCourt et al. 1999 , Sanders et al. 2003 .
Results and discussion
Morphological observations
Morphological features of the Japanese specimens of C. altaica collected from Lake Takahoko were essentially the same as those of the original specimens described by Braun and Nordstedt (1882) and other specimens described in the literature (Wood and Imahori 1964, Han et al. 1994) . The Japanese specimens of C. altaica were monoecious and bright green in color (Fig. 1 ). Thalli were up to about 60 cm high and entirely corticated. Axes with a cortex were 490-650 mm in diameter . Internodal cells were 1-4 times longer than branchlets. The cortex of axes consisted of rows of cortical cells as numerous as in the branchlets (Fig. 2) , but traces of intermediate cortex rows rarely developed beside spine cells. Spine cells of the cortex were 190-490 mm long, and developed 2 per fascicle or were occasionally solitary (Fig. 4) . Of the 2 spine cells, one developed longer than the other (Fig. 4) . Whorls consisted of 10 branchlets, up to 3 cm long. Branches were composed of 7 segments of cells (Fig. 1) . Terminal segments were onecelled (rarely 2), ecorticate, acuminate and abbreviated, and similar to bract cells (Fig. 5) . Four verticillate bract cells measured 200-920 mm in length (Figs. 5 and 6). The bract cells were smaller in length than branchlet cortex cells. Two bracteoles arising from the gametangial stalk were smaller than oogonia, measuring 180-320 mm in length (Fig. 6 ). Stipulodes developed in double rows, and were twice more numerous than branchlets; the cells of the upper and lower whorls were 340-600 and 240-490 mm long, respectively (Fig. 2) . Oogonia and antheridia were formed together on nodes of the lowest 3-4 branchlets (Fig. 3) . The oogonia were white in color, measured 620-730 mm in length (excluding the coronula), and were 350-450 mm wide, with 12-14 convolutions (Fig. 6) . The coronulas were 50-80 mm high and 150-180 mm wide at the base (Fig.  6 ). The antheridia were orange in color and 350-450 mm in diameter (Fig. 6) . The oospores were black and ovoid, with 11-13 low spiral ridges; they were 610-700 mm long, 330-400 mm wide, and 50-60 mm across the fossae (Figs. 7-10 ). Under LM, scattered small papillae were observed on the fossa walls (Fig. 8) , and SEM clearly revealed this papillate ornamentation (Fig. 10) . Of the 5 monoecious species of the section Desvauxia, C. hirsuta, C. longiarticulata, and C. piniformis are unique in having long ellipsoid oospores, elongate segment terminals of branchlets, and rudimentary stipulodes (globular or papillae), respectively ( Table 2 ). The remaining 2 species, C. altaica and C. evoluta, can be distinguished from each other by the sizes of bract cells and bracteoles (Table 2 ). In C. altaica, the bract cells are shorter than the adjacent branchlet segment, and the bracteoles are less than half of the oogonia length (Wood and Imahori 1964, Han et al. Table 2 ). In contrast, in C. evoluta, the bract cells are longer than the adjacent branchlet segment, and the bracteoles are longer than half of the oogonia length (Wood and Imahori 1964, Han et al. 1994) (Table 2) . Furthermore, SEM oospore wall ornamentation was essentially different between these 2 species (see below). The oospore wall ornamentation observed by the present LM (Fig. 8 ) was essentially the same as that described by Wood and Imahori (1964) , who observed granulate or small scattered papillae on the fossa walls of the isotype of C. altaica. The present SEM oospore wall ornamentation is the first report for C. altaica and clearly demonstrated small papillae scattered on the fossa walls (Fig.  10) . This fossa wall ornamentation is essentially different from that of C. evoluta; the latter exhibited a minutely granular pattern on the fossa walls under SEM (Mann and Nambudiri 2005) . However, the phylogenetic relationship between these 2 monoecious species of the section Desvauxia is ambiguous because molecular phylogenetic data are lacking in C. evoluta. Based on SEM oospore morphology and molecular phylogeny, Sakayama et al. (2009) recognized at least 2 species that are phylogenetically and morphologically different within C. globularis sensu Wood (1965) . Therefore, the present SEM data for C. altaica will be valuable in future taxonomic studies of the section Desvauxia.
1994) (
Molecular phylogenetic analyses
A Bayesian phylogenetic tree of the rbcL gene sequences is shown in Fig. 11 . Branches resolved with Ն0.95 Bayesian posterior probability (BPP) and Ն50% bootstrap values in the NJ, MP, and ML analyses are shown. The present phylogenetic relationships within the genus Chara are essentially consistent with those of previous rbcL phylogenies ( McCourt et al. 1999 , Kato et al. 2008 , Sakayama et al. 2009 ), except that C. altaica and C. canescens were newly added in this Observations based on light microscope. study (Fig. 11) . Chara altaica and 10 European samples of the dioecious species C. canescens represented 3 types of rbcL gene sequence and formed a robust monophyletic group (with 1.00 BPP, and 85%, 84%, and 94% bootstrap values in NJ, MP, and ML analyses, respectively) of the section Desvauxia. However, phylogenetic relationships among the 3 rbcL types were not well resolved. The sequence from C. altaica originating from Japan was identical to those of the 4 samples from parthenogenetic populations of C. canescens (BS-DB-female, BS-SH-female1, BI-SS-female1, and NS-GS-female1), but different from those of samples of another parthenogenetic population (GR-GC-female1) and from the 5 samples of a bisexual population (NS-SI-male1, NS-SI-female1, NS-SI-female2, NS-AS-male1, and NS-AS-female1) (Fig. 11) . In C. canescens, parthenogenetic populations with only female individuals have been described all over the Northern Hemisphere (Ernst 1921 , Corillion 1957 , Krause 1997 , Mann and Namubdiri 2005 . Bisexual populations of this species containing male and female individuals are rarely found, and have been described from only a few places in southeastern Europe (e.g., Austria, Hungary, and the Caspian Sea) (Braun 1857 , Winkler 1908 , Ernst 1921 , Filarszky 1926 . However, parthenogenetic plants have not been reported in other charalean algae (Proctor 1980) . The present analysis revealed that the rbcL sequence from the Japanese C. altaica is identical to those from 4 parthenogenetic samples, but different from those of 6 other bisexual and parthenogenetic samples of C. canescens (Fig. 11) . This result suggests that the monoecious species C. altaica might have evolved from the ancestor of dioecious plants within the section Desvauxia. However, the present rbcL sequence is the first and only molecular datum for monoecious taxa of the section Desvauxia, although several monoecious species have been described in this section from North America and central and southern Asia (Allen 1882 , 1900 , Han 1964 , Chen et al. 1990 ). Thus, further morphological and molecular data from additional samples and taxa are needed to evaluate the phylogenetic relationships of species and the origin and evolution of difference in sexuality within the section.
